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Increased importin  protein expression in diabetic nephrop- intracellular chain of events involving signaling proteins.
athy. If the signaling event also includes the synthesis of new
Background. Importins transport kinases, transcription fac- proteins, transcription factors are activated, intranucleartors, and viral proteins into the nucleus. Since the expression
translocation occurs, and gene machinery is set into mo-of several genes is increased in diabetic nephropathy, we tested
tion. The resultant mRNA then must be moved out ofthe hypothesis that importin protein expression is increased in
diabetic kidneys. the nucleus into the awaiting ribosomes in the cytoplasm.
Methods. Immunohistochemistry and Western blotting were The nucleus is enveloped within a nuclear membrane that
used in kidneys from streptozotocin-treated diabetic rats and is equipped with pores. Movement in and out of the nu-from spontaneously diabetic Goto-Kakizaki rats. The effects
cleus is not a passive random event, but instead is highlyof high glucose and mannose also were tested in cell culture
regulated. The importin /-dependent pathway is theexperiments.
Results. In normal rat kidneys, importin  isoforms were dif- most extensively studied [1–3]. The imported proteins are
ferentially expressed in glomerular cells and tubular segments, equipped with substrate-specific signal sequences, the so-
while importin 1/Rch1 was expressed only in tubules and peri-
called nuclear localization signals (NLS). Several solubletubular cells. In diabetic rat kidneys from both models, the im-
proteins are necessary for the importin system to func-portin  isoform expression was markedly up-regulated. West-
ern blotting revealed strong up-regulation of importin 7 and tion, including the small GTPase Ran/TC4, importin ,
minor up-regulation of other isoforms. Exposure of various importin , and NTF2 that is involved in the import and
cell types to high glucose or mannose (25 mmol/L) led to in- export of Ran [reviewed in 1–3].
creased expression of importins 3, 5/hSRP1, and 7 in differ-
Importin  functions as an adapter molecule by bind-ent cultured cells, while up-regulation of other importin  iso-
ing importin  via its amino-terminally located importinforms was less consistent.
Conclusions. A specific importin  isoform up-regulation  binding domain (IBB) [4, 5] and by binding NLS-
takes place in kidneys of diabetic rats. Diabetes is a stimulus bearing proteins via two NLS binding sites [6, 7]. Im-
for increased importin 7 expression. Thus, nuclear transport portin  is the transport receptor carrying the importinin diabetes may be increased in glomerular and tubular cells.
/NLS complex from the cytoplasm into the nuclear sideThe signaling pathways appear differentially regulated in glo-
of the nuclear pore complex (NPC) [8]. Once inside themeruli, proximal, and distal tubules. The enhanced nuclear
transport may participate in increased gene expression and nucleus, importin binds to RanGTP, which is generated
nephrosclerosis in diabetes. within the nucleus by the chromatin-bound RanGDP/
GTP-exchange factor RCC1. The binding of importin 
to RanGTP leads to the dissociation of the import com-Cell signaling generally begins with specific membrane
plex [9]. Importin  probably returns to the cytoplasmsurface receptor activation followed by a complicated
without other soluble factors. Importin  is exported by
its nuclear export factor CAS, which binds importin 
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in the presence of RanGTP [10].kinases, transcription, cell signaling, nephrosclerosis, signaling pro-
teins. In the cytoplasm, the importins are set free for another
round of import by the concerted action of RanGAP1Received for publication March 8, 2000
and RanBP1. Importin  appears to be encoded by onlyand in revised form July 5, 2001
Accepted for publication July 24, 2001 one gene. In contrast, several human importin  isoforms
have been described [11–16]. Importin  proteins, which 2001 by the International Society of Nephrology
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are grouped into three subfamilies on the basis of se- was synthesized from tyramine-HCl (Sigma) and FITC-
quence similarities, are tissue-specific, and differ in their succinimidyl ester (NHS-FITC; Pierce, Rockford, IL,
substrate-specific import efficiency [14–22]. While we USA) in dimethyl sulfoxide (DMSO). In double-labeling
have learned a good amount about various importin pro- experiments for simultaneous visualization of importins
teins, their genes, and their interactions with various and CD31 antigens, a secondary antibody incubation
partners, few data have been published about specific medium contained additionally Cy3-conjugated Affini-
transcription factor transport or the role, if any, of the Pure goat anti-mouse IgG (HL) at a dilution of 1:200
importins in disease. We examined importin expression in PBS. Finally, samples were counterstained with DAPI
in two different rat models of diabetes mellitus, a renal or propidium iodide and mounted with Citifluor (Plano
disease featuring considerable nuclear signaling, to test GmbH, Wetzlar, Germany). For bright-field microscopy,
the hypothesis that diabetes mellitus and hyperglycemia bound primary antibody was detected with double ampli-
increase the expression of specific importins both in vitro fication employing peroxidase-avidin-biotin complex (Vec-
and in vivo [23–25]. To our knowledge, this report is the tastain “Elite” ABC-kit; Vector Laboratories, Burlingame,
first to examine the importins in a human disease model. CA, USA) in combination with biotin-labeled tyramine
(NEN Life Science Products, Boston, MA, USA) follow-
ing the manufacturer’s recommended guidelines. To vis-METHODS
ualize the peroxidase label, the samples were incubatedGeneration of antibodies against importin  isoforms
with diaminobenzidine-H2O2 mixture, counterstained with
Generation and testing of specific antibodies against Ehrlich hematoxylin for one minute, and mounted with
peptides representing the amino-terminal (importins 1/ aqueous mounting medium GelTol (Immunotech, Mar-
Rch1, 3,4, and 5/hSRP1) or the carboxy-terminal (im- ceille, France). The controls were omission of incubation
portin 7) amino acids of the importin  proteins have with primary antibody or substitution of primary anti-
been described earlier [14, 16]. Cross-reaction with other body by rabbit IgG (Dianova) at the same final concen-
importin  forms was excluded by immunoblotting using tration. In the controls, no specific immunolabeling was
the recombinantly expressed proteins. Only the antibody observed. Regarding cryosections from Wistar and Goto-
against importin 7 cross-reacts with recombinant im- Kakizaki rats standard immunofluorescence studies were
portin 6, which is more than 80% homologous to im- performed with identical importin  antibody concentra-
portin 7. Northern blotting showed that importin 6 is tions. Cy3 was used as the secondary antibody but no
expressed only in testis [14]. Importin 7 mRNA is de-
tyramine amplification was performed in this model.tected in various tissues including kidney [16]. Thus, the
stainings found with the importin 7-antibody in human Microscopy and image processing
kidneys are very likely to represent importin 7-protein.
Immunostained cryosections were examined on a Zeiss
Axioplan microscope equipped with appropriate filters.Immunocytochemistry
Separate images for propidium iodide- and DAPI-coun-For immunocytochemistry, we used cryosections fixed
terstaining, FITC- and Cy3-immunolabeling were cap-in acetone. After blocking non-specific binding sites (Fc-
tured digitally into color-separated components using areceptors) in phosphate-buffered saline (PBS) containing
SensiCam 12-bit CCD camera (PCO Computer Optics10% preimmune goat serum (Sigma) for 30 minutes, the
GmbH, Kelheim, Germany) and AxioVision multichan-sections were immunoreacted overnight at 4C with rab-
nel image processing (Carl Zeiss Vision GmbH, Hall-bit primary polyclonal antibody recognizing importins.
bergmoos, Germany). The red (for Cy3, or propidiumPrimary antibodies against importins were diluted to a
iodide), blue (for DAPI), and green (for FITC) compo-final concentration of 0.5 to 3.0 g/mL. For double label-
nents were merged, and composite images were finally pre-ing of importins and CD31, the immunoreaction solution
pared in PhotoImpact 3.0 (Ulead Systems, Inc., Torrance,of primary antibody was supplemented with anti-human
CA, USA). Bright-field microscopy images were cap-CD31 (PharMingen, Hamburg, Germany) or antirat CD31
tured using 3CCD Color video camera (MC-3254, Sony)mouse monoclonal antibody (Serotec) at a concentra-
and AxioVision single channel image processing (Carltion of 2g/mL. After immunoreacting with primary anti-
Zeiss Vision GmbH). Images shown are representativebody and following washing in PBS, the sections were
of six independent experiments that gave similar results.treated for ten minutes with methanol containing 0.6%
H2O2 to quench endogenous peroxidase. For fluorescent
Statistical analysisvisualization of bound primary antibody, sections were
Quantitative observations of signal intensity were madefurther treated for one hour at room temperature with
by three independent observers who were unaware of theperoxidase-conjugated AffiniPure goat anti-rabbit IgG
tissue’s origin. Statistical differences between mean val-(HL) (Dianova) at a dilution of 1:100 in PBS. The perox-
ues of two groups were determined using the unpairedidase label was amplified with fluorescein isothiocyanate
(FITC)-conjugated tyramine. FITC-tyramine conjugate Student t test.
Ko¨hler et al: Importin  proteins in diabetic nephropathy 2265
Animal protocol IgG (Pierce Chemicals, Oud-Beijerland, Netherlands).
Visualization was achieved by chemiluminescence (Re-All animal experiments were duly approved by local
naissance, DuPont, Boston, USA). For Western blotsauthorities. Streptozotocin experiments were performed
with cultured cells, protein lysates were prepared as pre-as described previously after due approval [26]. Briefly,
viously described for HeLa cells [16]. Twenty-five micro-male Sprague-Dawley (SD) rats (Ivanovas, Kisslegg, Ger-
grams of each sample were run on a 10% polyacrylamidemany) aged 8 weeks were fed a standard pellet diet and
gel. Blotting and incubation with antibodies was per-allowed free access to water. Diabetes was induced by
formed exactly as described above for blotting of proteina single intraperitoneal injection of 70 mg/kg body wt
lysates derived from rat renal tissue homogenates. Quan-streptozotocin (Sigma Chemical Co., Deisenhofen, Ger-
tification was performed using the NIH image programmany). Blood glucose concentrations were determined
(v. 1.61/ppc). To control equal loading and protein trans-48 hours after streptozotocin using an automated glucose
fer we used Coomassie staining of the SDS/PAGE andanalyzer (Eppendorf, Hamburg, Germany). Rats with a
an antibody against TRAP- that is directed against thehigh blood glucose concentration above 300 mg/dL dur-
rough endoplasmatic reticulum and therefore also aing the study period were declared “diabetic,” whereas
marker for the nuclear envelope (data not shown).age-matched normoglycemic animals were used as con-
trols. Animals were studied at the age of 16 weeks, 8 Immunocytochemistry studies on cultured cells
weeks after streptozotocin treatment. Medium blood Studies were performed as described earlier [29]. Briefly,
glucose concentration of diabetic rats was 411 mg/dL rat vascular smooth muscle cells were fixed with 4%
(380 to 452 mg/dL) compared to 105 mg/dL (81 to paraformaldehyde and permeabilized with 80% metha-
122 mg/dL) in controls. nol at 20C. After incubation with 3% skimmed milk
Spontaneously diabetic Goto-Kakizaki rats (GK) rats in phosphate buffer solution (SM/PBS) for 60 minutes,
(M&B, Ejby, Denmark) have been described recently the preparation was incubated for one hour at room
[27]. Briefly, 8-week-old GK rats were fed a standard temperature with the importin  antibodies diluted in
diet (NaCl 0.8%, wt/wt). The rats had free access to PBS with 0.1% BSA (bovine serum albumin; importin
chow and drinking water. Aged 16 weeks GK rats had 1/Rch1 1:800, importin 5/hSRP1 1:500, importin 7
higher blood glucose levels than age-matched nondia- 1:1250). The preparation was then washed twice with
betic Wistar control rats (9.3 0.5 vs. 6.9 0.2 mmol/L), PBS and exposed to the secondary antibody (Cy2-conju-
2.7-fold higher serum insulin levels, impaired glucose gated anti rabbit or anti mouse IgG, at 1:100, 1% BSA/
tolerance, and a 50% increase in 24-hour albuminuria. PBS; Dianova) for 60 minutes. The preparation was
mounted with 50% glycerol under a glass coverslip on
Preparation of renal protein lysates and a Nikon-Diaphot (Tokyo, Japan) microscope. A Biorad
Western blotting MRC 600 confocal imaging system (Bio-Rad Labora-
Excised rat kidneys were divided with forceps and tories, Freiburg, Germany) with an argon/krypton laser
was used. At least 10 to 18 cells from each of at least threescissors, treated with cold buffer [50 mmol/L Tris-HCl,
experiments were examined under each experimentalpH 7.4, 2% sodium dodecyl sulfate (SDS), 1 mmol/L ethyl-
condition. The observers were unaware of the experi-enediaminetetraacetic acid (EDTA), 10 mmol/L egtazic
mental design and antibodies used.acid (EGTA), 25 mmol/L leupeptin, 5 mmol/L phenyl-
methylsulfonyl fluoride (PMSF)] and immediately ho-
mogenized. The homogenate was then incubated for one RESULTS
hour with benzonase (Merck, Darmstadt, Germany) and First the expression of importin  isoforms in normal
boiled for ten minutes at 95C. Afterwards it was spun rat kidneys was investigated. Importin1/Rch1 was barely
at 1600 g for 15 minutes and microwaved for 30 seconds. detectable in glomeruli of normal SD rat kidneys, but
The homogenate was then spun at 12,000 g for five min- highly expressed in distal tubular cells (Fig. 1 A, C). In
utes. After determination of protein content, the immu- several tubules, importin 1/Rch1 expression was as low
noblotting was carried out similarly as previously pub- as in the glomeruli. However, strong signals were de-
lished [28]. Briefly, 10 g of each sample were run on a tected in epithelial cells of other tubules without restric-
10% polyacrylamide gel and electro-blotted onto a Poly- tion to any subcellular compartment (Fig. 1A). The im-
Screen PVDF Transfer Membrane (New England Nu- portin 1/Rch1-stainings were significantly enhanced in
clear). The membranes were then treated according to kidneys from 8-week diabetic rats (Fig. 1 B, D). In glo-
a commercially available protocol (Serva, Heidelberg, meruli, a few anti-CD 31-antibody-marked endothelial
Germany). The membranes were incubated with the dif- cells (red) showed a trace perinuclear signal (Fig. 1D).
ferent polyclonal antibodies against importins 1/Rch1, However, the reaction was much weaker than in the
3, 4, 5/hSRP1, and 7. A final incubation was carried tubules. About twice as many tubules were positive for
importin 1/Rch1 in diabetic kidneys compared to nor-out with peroxidase conjugated anti-mouse or anti-rabbit
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Fig. 1. Importin 1/Rch1 in rat kidneys visu-
alized with FITC-tyramide. (A and C) Strong
distal tubular epithelial cell labeling and only
trace staining are shown in proximal tubules.
(B and D) Enhanced importin 1/Rch1 ex-
pression in epithelial cells of distal and proxi-
mal tubules of streptozotocin-treated diabetic
rat kidneys, predominantly in the perinuclear
space. Red fluorescence (Cy3) labels endothe-
lial cells known to express CD 31 (C and D).
Fig. 3. Diaminobenzidine-peroxidase immu-
nostaining of importin 5/hSRP1 in normal
and streptozotocin-treated rat kidneys. (A and
C ) Importin 5/SRP1 nuclear staining in glo-
merular and tubular cells from normal rat kid-
neys. (B compared to A, and D compared to
C) Increased importin 5/hSRP1 expression
in both glomeruli and tubules of diabetic rat
kidneys.
mal kidneys. Very strong reactions for importin 1/Rch1 To determine whether or not the increased importin
1 expression was a streptozotocin-specific effect, im-were seen in several tubular cells, displaying a significant
increase in intensity, compared to normal rat kidneys portin 1/Rch1 expression was examined in a second rat
diabetes model. Compared to healthy Wistar rats, the(Fig. 1 B and D compared to A and C). This increase
was not due to an increase in background, since all sec- importin 1/Rch1 expression was moderately increased
in spontaneous diabetic GK rats, especially in the cyto-tions were treated identically during preparation and
analysis. Since rat kidneys display a characteristic mor- plasm of peritubular cells. Again, importin 1/Rch1 was
hardly detectable in glomerular cells and nuclei of renalphological structure, we identified the strongly labeled
tubules as distal tubules. The strongest signals for im- cells were negative (data not shown).
Few cells revealed a positive immunoreaction for theportin 1/Rch1 were found either throughout the cyto-
plasm or predominantly around the nucleus (Fig. 1D). antibody against importin 7 in normal SD rat glomeruli
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Fig. 2. Importin 7 in rat kidneys visualized
with FITC-tyramide. Strong tubular and weaker
glomerular staining was observed also within
the perinuclear area of normal SD rat kidneys
(A). (B) Importin 7 in glomeruli and tubules
of streptozotocin-treated rats. Red fluorescence
(Cy3) labels endothelial cells. (C and D) Im-
portin 7 staining in glomerular and tubular
cells (arrows show endothelial cells). Perinuclear
staining was detected especially in tubular cells
of Wistar rat kidneys (E, G, and I). Increased
expression of importin 7 is shown in diabetic
GK rat kidneys, especially in perinuclear and
nuclear areas of tubular cells (F, H, and J). I
(normal) and J (diabetic) show a higher magni-
fication of different subcellular distribution of
importin 7 in glomerular cells.
(Fig. 2A). Tubular cells showed a diffusely positive reac- 7 expression predominantly in tubules, but also in glo-
meruli (Fig. 2B). Characteristically, the strongest expres-tion of importin 7 in the cytoplasm and in the peri-
nuclear space of some nuclei. Importin 7 expression sion in both instances was found in the perinuclear space.
Double immunolabeling with anti-CD 31-antibody forin streptozotocin-treated diabetic rats differed from the
level of expression in normal rat tissue. In diabetic rat endothelial cells (arrows) and importin 7 showed that
importin 7 was expressed in both glomerular and peri-kidneys, there was a marked up-regulation of importin
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Table 2. Semiquantitative grading of importin 7 expression inTable 1. Importins 1, 5, and 7 in rat renal tissue
glomeruli of normal and streptozotocin-treated rats
Importin 1 Importin 5 Importin 7
Rats
Tissue N D N D N D
Glomeruli N D
Cytoplasm      
Tubules Nuclei 0 7.04.2a
Cytoplasm 15.85.1 34.08.0aNuclei      
Abbreviations are: N, normal; D, diabetes. Integers are mean  SD of cellsCytoplasm      
per glomerulus positive for importin 7 of 25 randomly chosen glomeruli perGlomeruli
section.Nuclei      
a Significant increase (P  0.001) compared to control
Abbreviations are: N, normal; D, diabetic (streptozotocin-treated). Staining
was scored as () absent, () low, () moderate, () strong, or ()
intense. Sections were judged by three observers unaware of the tissue’s source.
Disagreements were settled by consensus
between the expression levels of importin 3 and 4 in
normal compared to diabetic rat kidneys. However, the
intracellular localization of these antigens was principally
tubular endothelial cells and glomerular mesangial cells the same as seen for importin 7 (data not shown).
of diabetic rat kidneys (Fig. 2 C, D). Analyzing importin The quantitative results for streptozotocin-treated ver-
7 expression in our second rat diabetes model, omitting sus normal SD rats are shown in Table 1. Taken together,
tyramine amplification, we found perinuclear staining of the findings indicate that in normal rat kidneys importin
both tubular and glomerular cells in healthy Wistar rats. 1/Rch1 is expressed almost exclusively in tubular and
Hardly any nuclear staining was detectable (Fig. 2 E, G, peritubular cells, predominantly in distal tubules. In con-
and I). In contrast, diffuse nuclear staining of importin trast, importins 5/hSRP1 and 7 are expressed in both
7 was detected in many tubular and glomerular cells glomerular and tubular cells, although the expression of
of type 2 diabetic GK rats (Fig. 2 F, H, and J). Further- importin 7 is clearly stronger in the tubules. Diabetes
more, an increase in the perinuclear signals compared seems to induce increased expression of importins 5/
to the Wistar control rats, especially in tubular cells of hSRP1 and 7 in glomeruli and tubules while the en-
medullar tubules, was apparent (Fig. 2J). hanced expression of importin 1/Rch1 during hypergly-
For importin 5/hSRP1, a weak expression in tubules cemia is restricted to tubular and peritubular cells. Since
and in glomeruli of healthy SD rat kidneys was found the most impressive differences between normal and dia-
(Fig. 3 A, C). Positive reactions with the importin 5/ betic kidneys were found for importin 7, a semiquanti-
hSRP1-antibody were found especially in cells of the tative scoring was performed for importin 7 expression
Bowman’s capsule and in podocyte nuclei. In streptozo- in glomeruli of normal and streptozotocin-treated rat
tocin-treated diabetic rats (Fig. 3 B, D), some tubules kidneys. Twenty-five glomeruli from each normal or dia-
also showed an enhancement of the importin 5/hSRP1 betic rat kidney were evaluated as shown in Table 2.
staining that was predominantly localized in the peri- To further substantiate the immunohistological find-
nuclear area. Several glomeruli displayed an increase in ings, Western blot analysis was performed with protein
importin 5/hSRP1 expression in diabetic kidneys. Both lysates of homogenated kidneys obtained from normal
endothelial and mesangial cells showed strong signals. and diabetic rats of two different rat models. Figure 4
The immunoreaction for importin 5/hSRP1 in glomeru- shows the detection of importin  proteins with their
lar cells of diabetic rat kidneys was distributed through- specific antibodies. Reactive bands were detected for all
out the cytoplasm and the nucleoplasm, but was predom- importin  proteins examined in both normal and dia-
inantly perinuclear in most glomerular cells (Fig. 3 B, D). betic rat renal protein lysates. Only slight increases or
Thus, glomerular endothelial and mesangial cells proba- no changes in the level of expression in diabetic, com-
bly were both stained for importin 5/hSRP1. Similar re- pared to normal rat kidneys, were detected for importins
sults were obtained when importin 5/hSRP1 expression 1/Rch1, 3, 4, and 5/hSRP1. In contrast, importin
was compared in Wistar and GK rats. While there was 7 was clearly up-regulated in streptozotocin-treated
weak staining in tubular cells, stronger perinuclear signals (75%) and in spontaneously diabetic GK rat kidneys
were found in peritubular and glomerular cells. However, (100%). Thus, the increased importin 7 expression
the signals in diabetic GK rats were stronger than in detected in diabetic kidneys by immunofluorescence mi-
healthy Wistar rats (data not shown). The differences croscopy was verified by immunoblotting.
seen for importin 5/hSRP1 in normal versus diabetic rat Since little is known about importin  protein regula-
kidneys were weaker than for importin 7 and importin tion, we examined whether or not short and longer expo-
1/Rch1. Immunolabeling of rat kidneys with antibodies sures to high glucose concentrations regulate importin
against importins 3 and 4 was less than with the other  protein expression in cultured cells. Figure 5 shows
immunofluorescence from vascular smooth muscle cellsantibodies. No significant differences could be detected
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nuclear localization after treatment with high glucose
concentrations. To verify these results, Western blots us-
ing cell pellets from vascular smooth muscle cells were
incubated for three hours at 5 mmol/L glucose, 25 mmol/L
glucose, or 25 mmol/L mannose as an osmotic control.
Figure 6A shows that there were no notable differences
in importin 1/Rch1 and 4 expression after three hours
with 25 mmol/L glucose. However, there was a mild
increase in importin 3 and 5/hSRP1 expression and a
strong increase in importin 7 expression (90%) after
incubation with high glucose for three hours. There were
no notable differences for any importin isoform detected
between treatment with glucose and mannose.
Since the most impressive differences in the importin
7 expression in our immunofluorescence studies were
detected in glomerular cells, we also performed Western
blots using cultured rat mesangial and human umbilical-
vein endothelial cells. Similar to our findings in cultured
vascular smooth muscle cells, no differences were found
after a short time exposure of cultured mesangial cells
to high glucose-containing medium for the expression of
importins 1/Rch1 and 4, but increases in importins 3
(60%), 5/hSRP1 (60%), and 7 (40%; Fig. 6B).
Again there were no differences between 25 mmol/L
glucose and the osmotic control 25 mmol/L mannose. In
contrast to cultured vascular smooth muscle cells and
mesangial cells, only a slight increase in importin 4 and
5/hSRP1 expression was found. However, no notable
expression differences in the other importin  isoforms
were found in endothelial cells (Fig. 6C). Taken together,
our in vitro studies show that a short time exposure
to high hexose concentrations can lead to an increased
expression of importin  proteins in different cultured
cells. However, the effects are not specific to glucose
and not limited to glomerular cells.
DISCUSSION
This study identified differences in importin  isoform
expression in normal rat glomeruli and tubules and
Fig. 4. Importin  protein Western blot expression in normal and showed that importin 1/Rch1 was expressed only in the
diabetic rat kidneys (10 g total protein lysate per lane). Specific bands cytoplasm of tubular and peritubular cells. Furthermore,
were detected in healthy Wistar (Wis), diabetic Goto-Kakizaki (GK),
two rat models of diabetes mellitus showed that importinhealthy Sprague-Dawley (SD), and streptozotocin-treated diabetic (Str)
rat kidneys with antibodies against importins 1/Rch1, 3, 4, 5/hSRP1,  isoforms were markedly up-regulated. Finally, in vitro
and 7. Importins 1/Rch1, 3, 4, and 5/hSRP1 showed slight in- experiments in vascular smooth muscle cells, mesangial
creases or no differences. Instead, a strong increase in importin 7 was
cells, and human endothelial cells showed variable in-detected in diabetic kidneys.
creased expression of all importin  isoforms. However,
on the cellular level we were not able to clearly differenti-
ate acute glucose-related effects from those of an osmotic
exposed to high glucose (25 mmol/L) for three hours. control. Nevertheless, we believe that these preliminary
There was no difference in the expression level or in the observations on nuclear transport in animal tissues dem-
subcellular distribution of importin 1/Rch1 after high onstrate that in diabetes adjustments in nuclear trans-
glucose treatment compared to control cells. In contrast, port-related mechanisms clearly take place.
importin 5/hSRP1 showed a moderate enhancement Since the substrates are unknown, our observations
are necessarily descriptive. Nevertheless, we believe theyand importin 7 a strong increase with a predominantly
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Fig. 5. Confocal photomicrograph of importin
1/Rch1, 5/hSRP1, and 7 immunofluores-
cence in cultured rat vascular smooth muscle
cells after incubation with low (5 mmol/L) and
high (25 mmol/L) glucose concentrations for
three hours. Importin 1/Rch1 expression was
not different. In contrast, importin 5/hSRP1
expression was mildly increased and importin
7 expression was strongly increased by high
glucose.
may facilitate insights into disease-related mechanisms. is speculative; however, diabetes mellitus includes prolif-
erative cellular events. Importin  is implicated in cellu-Importin substrate specificity is becoming increasingly
apparent [15–21]. For example, the transcription factor lar proliferation. For instance, pendulin, the Drosophila
homolog of human importin 1/Rch1, is differentiallyStat1 is imported into the cell nucleus by importin 5/
hSRP1 and not by importin 1/Rch1 [19]. Cyclin E is expressed and transported in and out of the nucleus
during cell cycle and larval development [31, 32]. Fur-imported into the nucleus by an importin /-dependent
pathway while cyclin B1 is imported by importin  with- thermore, importin  is involved in apoptosis [33, 34].
However, little is known about the role of the importinout the involvement of importin  [30]. We recently
showed that importin 7 imports the ribonucleoprotein  proteins in cellular differentiation and their involve-
ment in pathological processes. To our knowledge, noth-hnRNP K or P/CAF, which is a stimulator of the RSV
promoter [16]. The relevance of our findings to diabetes ing is known about transcriptional control of importin
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Fig. 6. Importin isoforms in various cell types
after incubation with low (5 mmol/L), high (25
mmol/L) glucose concentrations, and mannose
(25 mmol/L) control for three hours by West-
ern blot (25 g total protein lysate loaded
each lane). (A) Vascular smooth muscle cells
show no difference in importin 1/Rch1 and
importin 4 expression. Importins 3, 5/
hSRP1 and 7 were up-regulated by high glu-
cose. (B) Similar results in cultured rat mesan-
gial cells for all importin  proteins analyzed.
(C ) A slight increase in importin 4 expres-
sion and importin 5 expression in human en-
dothelial cells. In all cells studied importin 
expression was similar with high glucose and
mannose suggesting an osmotic effect.
 protein expression and little is known about their post- rat kidneys, importin 1/Rch1 was predominantly found
in distal tubules. Similar to importin 1/Rch1, importintranslational modification. Azuma, Tabb and Nomura
reported the identification of Srp1p kinase, which phos- 5/hSRP1 and importin 7 showed a marked up-regula-
tion in streptozotocin-treated rat kidneys. In contrast tophorylates yeast Srp1, the only importin  isoform in
S. cerevisiae [35]. The physiological relevance of this importin 1/Rch1, the expression also was up-regulated in
both glomerular endothelial and mesangial cells. Westernputative importin  modification is not clear and has not
been demonstrated for human isoforms. Furthermore, blotting confirmed a strong importin 7 up-regulation in
streptozotocin-treated rat kidneys, whereas only minoracetylation of distinct human importin  proteins has
been described [36]. However, the influence of acetyla- increases for the other importin  proteins were detected.
As already mentioned above, our earlier study found thattion on importin  function is not known.
The cell-specific importin  isoform expression in the the importins are expressed at the mRNA- and protein-
level in several other human tissues stronger than in thekidney may be important. In the rat, importin 1/Rch1
was expressed in the cytoplasm of distal tubular and kidney [14, 16]. Furthermore, equal amounts of total pro-
tein lysates were loaded per lane, which could have led toperitubular cells, but was hardly detectable in glomeruli.
Importin 7 was expressed predominantly in tubules, but an underestimation of the importin expression in diabetic
kidneys. Importin  protein up-regulation thus may be de-also could be found in glomerular podocytes, endothelial
and mesangial cells. Importin 5/hSRP1, which belongs tectable by immunofluorescence, while these differences
may be too weak to be detected by Western blotting.to the same importin  subfamily as importin 7, was
distributed throughout normal rat kidneys in glomeruli We excluded the possibility that increased importin 
protein expression in diabetic rat kidneys is due to aand tubules. However, the importin 5/hSRP1 stainings
were clearly weaker than those for importin 7 and were streptozotocin-specific effect by analyzing spontaneously
diabetic GK rats as a second diabetes model [27]. Al-better detectable with DAB-HRP-immunostaining than
that with the FITC-immunofluorescence technique. Stain- though a different method was used in our immunofluo-
rescence studies, similar results were obtained in thising with antibodies against importins3 and4 displayed
an expression pattern similar to importin 7, but weaker. model. Focusing on importin 7, there was a strong in-
crease in renal expression in this type 2 diabetic animalThese results cannot be attributed to differences in anti-
body sensitivity. Only the antibody against importin 4 model. As in normal SD rat kidneys, importin 7 was
predominantly detected in the perinuclear area of Wistarrequires a fivefold higher concentration to recognize its
protein than the other antibodies (data not shown). Thus, control rats. Similar to streptozotocin-treatment, sponta-
neously diabetic GK rats displayed an increased importinthe weaker staining for importins 3 and 5/hSRP1 are
probably due to a lower expression of these proteins. 7 expression and a nuclear staining of both glomerular
and tubular cells. Furthermore, the increased expressionThese data are in accordance with our previously re-
ported finding that importin 7 expression in human kid- of importin 7 detected by Western blot analysis to-
gether with the lack of notable differences regarding theneys is high in comparison to other human tissues whereas
other importin mRNA and protein expression in renal other  importins were almost identical in both models.
In vitro studies were performed to examine the effectstissue is relatively low [14, 16].
We focused on importins 1/Rch1, 5/hSRP1, and 7 of short-term exposure to high glucose concentrations.
We first showed that cultured vascular smooth musclein streptozotocin-treated diabetic kidneys. Importin 1/
Rch1 was increased in tubular and peritubular cells com- cells exposed to high glucose concentration leads to an
increased importin  isoform expression. The increasepared to the trace reaction within glomeruli. As in normal
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